Oxidative stress (OS) and lipid peroxidation (LP) occur in a cell due to irreversible damage resulting from incidents such as traumatic brain injury (TBI). The aim of our study was to investigate the possible neuroprotective effect of boric acid (BA) by examining the changes in catalase (CAT) activity and levels of CAT and malondialdehyde (MDA) in brain tissues from rats with closed head trauma.
█ INTRODUCTION
T raumatic brain injury (TBI) is among the leading causes of death globally. It is a lethal pathological condition that requires long-term treatment and care. The incidence of head trauma and associated mortality and morbidity continue to rise in today's rapidly accelerating social and technological advancements (1) . Initially, the primary brain injury occurs in the central nervous system (CNS) as a result of trauma or physical impact. This leads to scalp injury, skull fracture, contusion, brain laceration, diffuse axonal damage and intracranial bleeding (epidural, subdural, intracerebral). Posttraumatic injury depends on the mechanism of the trauma and the severity of the injury. In more than 20% of TBI patients, this culminates in death, vegetative state and serious disabilities (12) . Following primary insult, neurophysiological and biochemical mediators initiate secondary cell damage (26).
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Thus, pro-inflammatory cytokines cause blood-brain barrier damage, edema, neurodegeneration and apoptosis (38) . Furthermore, the formation of reactive oxygen species and lipid peroxidation (LP) leads to release of excitatory glutamate and aspartate, influx of calcium into the cell, and formation of eicosanoids. This disrupts the cell membrane permeability and causes secondary cell damage. Several studies have shown that oxygen free radicals play a key role in the ensuing secondary damage and leads to neurotoxicity (5, 7, 23, 33) .
Neurodegeneration due to secondary brain damage negatively affects patient prognosis. Some of these mechanisms can be prevented and the resulting damage can be reduced. Thus, it may be possible to reduce mortality and morbidity. A significant portion of the secondary brain damage is caused by impairment of the balance between antioxidant mechanisms, the levels of reactive oxygen species (ROS), and reactive nitrogen species released in the traumatic brain, and the consequent occurrence of LP. Antioxidants have previously demonstrated a positive effect on the clinical and histopathological outcomes of CNS (6, 11, 16, 42) .
Boric acid (BA) and its derivatives are essential trace elements that play a role in metabolic events in plants, animals and humans. Boron is the most common form of BA in the human body. It is soluble in water and has biological sufficiency and effectiveness. It performs its functions without donating protons. Instead, it accepts hydroxyl ions from water and liberates protons.
BA has high affinity for s-adenosyl methionine and oxidized nicotinamide adenine dinucleotide (NAD + ). BA forms complexes with hydroxyl group-containing glycolipids, glycoproteins and phosphoinositides. In the complex form it affects membrane integrity, calcium chelation and redox metabolism. When taken consumed, boron rapidly and completely enters the bloodstream. Its urinary excretion rate is approximately 100% (17, 29, 37) .
BA has been used as an anti-cancer agent and is shown to be effective in reducing the severity and frequency of many inflammatory diseases (9, 19) . BA also affects calcium, magnesium, potassium, vitamin D, aldehyde dehydrogenase, xanthine oxidase, cytochrome b reductase, insulin, estrogen/ testosterone, T3/T4, triglyceride and glucose metabolism (21).
A study conducted on rats by Ince et al. demonstrated the antioxidant properties of BA and its effectiveness against LP (22). Another study proposed that BA taken at low doses regularly promotes brain development by reducing apoptosis (40) .
Our aim in this study was to determine biochemically and histologically whether BA has antioxidant and neuroprotective effects on brain tissue in a rat model of TBI.
█ MATERIAL and METHODS
The study protocol was approved by the Institutional Animal Care and Use Committee. National Institutes of Health Guide for Care and Use of Laboratory Animals (445-1/2015) was followed in all the experiments. Twenty-four Wistar albino adult male rats (weighing 260-280 g) were divided into three groups (n=8). Rats were housed in polycarbonate cages in a room with controlled temperature (22 ± 2 °C) and humidity (50 ± 5%), and a 12-hour light/dark cycle.
Experimental Groups and Drug Administration
The study sample consisted of three groups (n=8 per group): control, TBI and TBI + BA. The first and second groups received 2 mL saline and the third was treated with an equal volume of BA at a dose of 100 mg/kg (dissolved in sterile saline) daily by oral gavage for 14 days prior to TBI.
Head Trauma Model and Collection of Samples
Twenty-four hours after the last dose of treatments, a modified Marmarou impact acceleration model of TBI was performed in the second and third groups of animals (26). The experimental animals were anesthetized with spontaneous breathing using intramuscular administration of 70 mg/kg ketamine and 7 mg/ kg xylazine hydrochloride.
The rats were placed on the table in the prone position. After their heads were laid on a 10-cm deep foam bed, each rat was subjected to trauma by letting a 450-g cylindrical weight drop freely through a metal tube from a height of 100 cm toward the coronal and sagittal suture junction area in the cranium.
Following the trauma, all rats were decapitated after 24 hours and the brain tissues were carefully extracted from the trauma boundary into tissue bags for biochemical analysis and frozen (-80°C) until further examination. In addition, some tissues were fixed in formaldehyde until the histopathological analyses were performed.
Biochemical Examinations

Measurement of brain tissue malondialdehyde (MDA) levels
The method used by Ohkawa et al. was used in this study for MDA measurement. The method is based on the color reaction of 1 mole of MDA, (one of the end products of LP) with 2 moles of thiobarbituric acid (31).
Previously frozen tissues were homogenized in KCl buffer and, the mixtures containing the individual samples were incubated in capped glass tubes for 60 minutes. The resulting pink color compound was photometrically measured at 532 nm wavelength and the results reported as nmoles/mg protein.
Analysis of brain tissue catalase (CAT) activity
The CAT activity assay was performed using Beutler's method with H 2 O 2 as the substrate.Time dependent absorbance was measured at 230 nm wavelength. Brain tissues homogenized in phosphate buffer were used as samples. The results were calculated according to the number of extinction (ε) coefficients of H 2 O 2 at 230 nm and expressed as U/mg protein (2).
Determination of tissue protein levels
The measurement was performed using Bradford's method. This method is based on a spectrophotometric measurement of blue color at 595 nm at different intensities of Coomassie Brilliant Blue G-250 dye depending on the amount of protein at different concentrations (3).
Histological Examinations
The brain tissues, from each group were fixed in 10% formalin for one week. All samples were blocked in paraffin and cut into 5 µm thick slices. The deparaffinized tissue sections were then suspended in 96%, 90%, 80%, and 70% alcohol and distilled water for 5 minutes. Hematoxylin-eosin double staining method was used at this stage. The sections were stained with Hematoxylin for 2 minutes and with Eosin for 10 minutes. The sections were washed with tap water, rapidly passed through the alcohol series and dehydrated. The tissues were made transparent by placing into two separate xyloids for about 30 minutes and the transparent tissues were then mounted with Entellan and evaluated with an Olympus BH-2 light microscope. All preparations containing brain specimens were photographed with an Olympus DP-70 digital camera.
Statistical Analysis
SPSS 22.0 for Windows was used for statistical analysis. Results were expressed as mean ± standard deviation. The data were analyzed with Shapiro-Wilk test to determine whether the distribution of groups was normal. For nonnormal data, the non-parametric Kruskal-Wallis test, was used for statistical analysis and the results were presented as median (minimum-maximum).
█ RESULTS
Biochemical Results
Brain tissue MDA levels Figure 1 shows a comparison of all the three groups. The MDA levels of the group with TBI were significantly higher than the control group (p<0.01). In contrast, TBI + BA group showed lower MDA levels compared to TBI alone (p<0.01) (Figure 1 , Table I ).
Brain tissue CAT activity
The data demonstrate that CAT activity of the TBI group was higher than the control group. CAT activity in the TBI group was 3.49 ± 0.32 and reduced to 6.43 ± 0.97 in the TBI + BA group. This difference was statistically significant (p<0.01) (Figure 2 , Table I ). head trauma and associated mortality and morbidity continues to rise due to the rapidly accelerating social and technological advancements of today's world (1) .
An imbalance between the production and destruction of endogenous antioxidants, that defend against reactive oxygen products, is called OS. It generally occurs after secondary injury and plays a key role in permanent brain damage (35). In addition, it results in poor patient prognosis. However, some of the underlying mechanisms of secondary damage can be prevented and their negative effects can be reduced. Thus, it may be possible to reduce mortality and morbidity. A significant portion of the secondary brain damage is caused by OS and the oxygen free radicals released due to the disruption of the balance between antioxidant mechanisms in the traumatized brain. Consequently, the oxygen free radicals damage membranes and enzymes, leading to LP (4, 11, 16, 42) .
Histological Results
Histological results show the presence of normal-appearing neurons and glial cells in the control group ( Figure 3A , B), whereas edeme and numerous necrotic neurons were observed in the cortical area of the TBI group ( Figure 3C, D) . Conversely, the cortical area showed less damage, with fewer necrotic neurons and more normal-appearing neurons in the TBI + BA group ( Figure 3E, F) .
█ DISCUSSION
Oxidative stress (OS) can be caused by many factors other than head trauma, including cardiac diseases, cancer, and endocrinological and neurological diseases. Head trauma which requires long-term treatment and care, is among the most common causes of death in the world. The incidence of The exact mechanism of the antioxidant and neuroprotective effects of BA remain unclear (32). However, benefits are hypothesized to be a combination of BA's cell membrane function and enzymatic reactions (18,30). Ince et al. found that the antioxidant activity increased and LP decreased when 100 mg/kg/day of boron was administered (22). Weir and Fisher used BA at a dose of 100 mg/kg/day and determined that it was not toxic to rodents when used for short durations (≤4 weeks) (41) .
Another study showed that low-dose BA had a stabilizer effect by regulating the permeability of the blood brain barrier by protease inhibition in endothelial cells and had neuroprotective effects by regulating vascular permeability during inflammation (9) .
In light of these findings, we conducted this study to assess for the first time the neuroprotective effect of BA in a rat model of TBI. We observed a significant difference in both histopathological and tissue measurement results between the BA-untreated trauma group and the BA-treated trauma group. We also observed that the group with TBI had significantly higher levels of MDA than the control group. BA administration significantly reduced the MDA level indicating anti-inflammatory effect by blocking vascular permeability (9).
We also obtained a similar result in the measurement of CAT activity, an antioxidant enzyme. As might be expected, this significant reduction in CAT activity in the trauma group treated with BA compared to saline-treated TBI group may be related to reduction in the CAT enzyme consumption. Histopathologically, we established that the trauma group treated with BA had remarkably lower levels of necrotic cell death and edema compared to the animals with untreated TBI.
█ CONCLUSION
Trauma triggers secondary damage cascades in brain tissue that leads to neuroinflammation, production of ROS, LP and apoptosis. In this study, we observed that TBI-mediated neuronal damage was reduced by pre-treatment with BA. On the other hand, there is a need for future experimental and clinical studies to support the neuroprotective effects of BA.
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The brain is more susceptible to OS-mediated damage than any other organ (5). Removal of oxidative metabolites formed in the traumatic brain, which has a damaged physiology after trauma, is difficult because of the deterioration of autoregulation. Endogenous antioxidant defense mechanisms constitute enzymes such as CAT, superoxide dismutase (SOD) and glutathione peroxidase (GPx) that protect the cell against OS-induced damage by neutralizing superoxide radicals. CAT is found at low levels, but SOD and GPx are present at moderate levels in cerebral tissue given the brain's vulnerability to oxygen radicals (24). CAT is found in peroxisomes, mitochondria and cytoplasm. CAT catalyzes both catalytic and peroxidative reactions by reacting with hydrogen peroxide. Catalytic activity separates hydrogen peroxide into two molecules: oxygen and water. Although not important at low concentrations, this enzyme is necessary to deal with elevated H 2 O 2 production (13).
In this study, we investigated CAT activity and levels of MDA, the final product of LP in post-traumatic brain tissue, and the effect of BA on both.
We used the Marmarou trauma model in this study,which is a closed head trauma model produced by weight drop and mimics the pathophysiological changes in the brain (28).
The end product of LP is MDA,which can be used as an indicator of LP (15, 27 ). We observed that MDA level significantly increased in the trauma group in our study. This result is compatible with the relevant literature (15, 27) .
In 1954, Gershman and Gilbert first reported free oxygen radicals played a key role in primary and secondary damage after head trauma in (8, 24) . Oxygen free radicals such as superoxide radical, hydrogen peroxide and hydroxyl radical are neurotoxic (20).
Following trauma, the brain may return to normal physiology when it is protected from secondary damage caused by oxidants. Therefore, antioxidant mechanisms of the brain should be supported. SOD, GPx and CAT are endogenous antioxidants that constitute the main defensive line against OS under physiological conditions (10, 39) . In 1997, Goss et al. assessed GPx and CAT activity in experimental animals versus controls in a rodent model of TBI (14) . They found significantly higher levels of CAT in cortical tissue of the injured brains than in the control group animals. We also observed a similar result in our study. Previous research showed that antioxidant enzyme activity is reduced in case of OS (27). Thus, it is necessary to reduce the production or distribution of oxygen free radicals. Agents inhibiting oxygen free radicals were reported to protect against the detrimental effects of trauma or ischemia in the CNS. The effect of these radicals can be determined by measuring CAT and GPx activity (16, 23, 42) .
Oxygen free radical inhibitors were reported to have a beneficial effects on clinical and histopathological outcomes of CNS trauma (11, 16, 42 
